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Abstract
Methane and water demix under normal (ambient) pressure and temperature con-
ditions, due to the polar nature of water and the apolar nature of methane. Recent
experimental work has shown, though, that increasing the pressure to values between 1
and 2 GPa (10 to 20 kbar) leads to a marked increase of methane solubility in water, for
temperatures which are well below the critical temperature for water. Here we perform
molecular dynamics simulations based on classical force fields – which are well-used and
have been validated at ambient conditions – for different values of pressure and tem-
perature. We find the expected increase in miscibility for mixtures of methane and
supercritical water; however our model fails to reproduce the experimentally observed
increase in methane solubility at large pressures and below the critical temperature of
water. This points to the need to develop more accurate force fields for methane and
methane-water mixtures under pressure.
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Introduction
Alkanes are saturated hydrocarbons which are found in crude oil.1 Whilst they dissolve
in organic solvents, they are insoluble in water under ambient temperature and pressure.2
This is because of water’s polarity, and because the network of hydrogen bonding in water
is difficult to disrupt by molecules such as alkanes which only contribute van der Waals
interactions to the solvent molecules.
The simplest alkane (and hydrocarbon) is methane, CH4, which is also one of the simplest
gases. Methane is important from a fundamental science perspective as it is a model system
to study hydrophobic forces,3 one of the most widespread intermolecular forces occurring in
nature. The solubility of methane in water is important to a number of fields: for example,
methane-water mixtures are found at the bottom of oceans,4,5 and in the interior of planets
(most notably Uranus, Neptune and Titan).6
At near-ambient and low pressures, the solubility of a gas like methane in water is well
described by Henry’s law, according to which the concentration of a gas in a liquid is pro-
portional to its partial pressure. As the pressure increases, so does methane solubility, but
only relatively weakly – for instance at 100◦ C and 0.2 GPa, it is still only 8× 10−3 mol %.7
At much higher pressure, ab-initio molecular dynamics simulations8 showed evidence of
methane-water mixing, but at a temperature and pressure of 1800 K and 15 GPa, well above
the critical point of water – which is found at 647 K and 20 MPa.9 It was also hypothesised
that a sufficiently large pressure can induce breaking of the H-bonds in water, and that this
would lead to increase mixing of methane and water;3 however structural studies of water
show no evidence of the proposed H-bond breaking up to at least 6.5 GPa10 so H-bond
breaking effects on solubility, if they occur at all, would not be expected below this pressure.
In this context, recent experimental studies performed by Pruteanu et al11 have revealed
an unexpected effect of pressure on the miscibility of water-methane mixtures. It was found
that in the range between 1 and 2 GPa, and at 100◦ C – well below the critical point of
water – the solubility of methane exceeds 40 mol %. The mechanism underlying this striking
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enhancement in mixing is currently not clear.
An obvious approach to elucidate the mechanism of the solubility is to carry out molecular
dynamics simulations of the methane water system. There are well accepted force fields
for both water and methane12,13 which describe well the phase diagram of water14 and
the ambient conditions behaviour of methane.15 Such approaches have been used to model
behaviour of clathrate hydrates,16–20 a problem which can be considered as the crystalline
analogue of the mixing of fluids. Such approaches have also been successfully used in other
related systems.21 To quantify miscibility in simulations, we measured the entropy of mixing,
which can be defined on the basis of information theory quantities (mutual information)
as done in Brandani et al.22 1. Whilst our simulations found that methane miscibility is
strongly enhanced in supercritical water, as is expected thermodynamically,23 they did not
reproduce the experimental increase in mixing found for subcritical water under pressure
found experimentally,11 suggesting that new physics needs to be included in the existing
classical force fields to explain that observation.
Methods
Our simulations of water-methane mixtures were all run by using the GROMACS24 software.
For water, we considered three different force fields: TIP3P, TIP4P25 and SPCE;26 all these
led to similar conclusions, so most of the results below are shown for a single force field
(TIP4P). For methane, we used the OPLS-AA force field,27 which has been calibrated to
reproduce the behaviour of this substance at near-ambient conditions.15 As our goal is to
see how these well-used potentials fare at different pressures, in our simulations we did not
change any of the parameters except for T and p.
For all simulations involving a chosen water potential the same initial condition and box
size were used. Molecule numbers were chosen as follows:
1As we are mostly interested in qualitatively determining whether mixing is enhanced or not by pressure,
more extensive quantifications of mixing were not pursued here.
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• 944 H2O and 470 CH4 molecules for TIP3P = 33.2% moles CH4
• 961 H2O and 470 CH4 molecules for TIP4P = 32.8% moles CH4
• 942 H2O and 466 CH4 molecules for SPCE = 33.1% moles CH4
After the creation of the initial box having the desired concentration, an energy mini-
mization was performed, followed by a 100 ps NVT (isochoric-isothermal) equilibration at
the target temperature and subsequently a 100 ps NPT (isobaric-isothermal) equilibration
at the desired pressure and temperature. Following these steps, the production runs were
carried out for a total time of 20 ns using a 2 fs time step. For all runs, and for both water
and methane molecules a Nose-Hoover thermostat28,29 was used (typical time constant 1 ps),
along with Parrinello-Rahman coupling for pressure30 (typical time constant 5 ps). A 1.1 nm
cut-off was used for non-bonded interactions along with the Particle Mesh Ewald method31
for Coulomb interactions. Finally, the LINCS algorithm was used to ensure the geometrical
integrity of molecules throughout all runs. A representative isotherm curve at 500K is shown
in Fig. 1.
Figure 1: Equation of state for the simulation box used to study isothermal compression at
500K.
In what follows, as a basic probe of mixing we shall initially use radial distribution
functions (RDFs) of different pairs of atoms – we shall focus on carbon-oxygen and oxygen-
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hydrogen in water. It is important to highlight that RDFs in inhomogeneous systems need
to be treated with care. These quantities are radially averaged, which is natural only for
homogeneous systems. For phase separated systems, the density of, e.g., CH4 is clearly
inhomogeneous hence the distribution function involving atoms in this molecule is shifted
up at small distances (as a molecule of a given species will have far more neighbours of its
own kind than it would in a uniform mixture of the same concentration), and fail to tend to
1 for large distances. In order to determine changes in the coordination of certain pairs of
atoms in the demixed systems, the peak height for each neighbouring shell therefore needs
to be scaled to the value of the RDF at high distances, so they cannot be read directly from
the plots.
Results and discussion
Most of our simulations were initialised with water and methane demixed (see Fig. 2), al-
though simulations with mixed initial conditions gave indistinguishable results. We ran
simulations corresponding to two ranges of pressure and temperature conditions. First,
we considered a temperature range encompassing the critical point of water, to study the
behaviour of a mixture of methane and supercritical water under pressure. Second, we
considered a mixture of methane and non-supercritical liquid water (at 500 K), at a range
of high pressures, up to values 3-fold higher than those experimentally found to promote
methane miscibility in.11 For both cases, we expect the initially phase separated mixture to
mix. In the first case, this is due to the standard thermodynamic behaviour of mixtures at
high temperatures;23 in the second case, this expectation is based on the recent experiments
in.11 We now report our simulation results for these two sets of conditions separately.
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Figure 2: Snapshot of the simulation box at the beginning of the simulation, with methane
and water fully demixed. Oxygen atoms are coloured red, carbon atoms turquoise and
hydrogen atoms white.
Supercritical behaviour
We first analyzed the water-methane system for temperatures between 500 and 900 K, and
at pressures of 15 kbar and 25 kbar. These two temperatures are respectively below and
above the critical temperature of water.
To validate our simulations, we first computed the mean square displacements (MSDs)
of water and methane molecules, for each condition. The MSDs are linear at all times,
confirming that the simulated mixture remains in the fluid state for the entire duration
of the production runs. Therefore the water system at 800 K is a supercritical fluid. As
can be intuitively expected, the MSDs decrease with increasing pressure and decreasing
temperature.
In order to quantify the state of the system – mixed or unmixed – we computed the
partial radial distribution functions (RDFs) as well as the entropy of mixing as described
in.22 Hereafter we show results for TIP4P only, as the other two water potentials (TIP3P
and SPCE) led to very similar results.
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Figure 3: Selected radial distribution functions (RDFs) for (a) oxygen-carbon pairs and (b)
oxygen - hydrogen (belonging to water) pairs at various pressures and temperatures.
The RDF plots show the main oxygen-carbon correlation function strongly increases
with temperature, suggesting the two species mix. Figure 3 shows that the effect of pressure
on mixing is minor, while temperature is the driving factor. Indeed, the RDFs at 800
K are similar for both the 15 kbar and the 25 kbar runs, and vastly different from the
RDFs at 500 K and both pressures. As it can be seen in the oxygen – water hydrogen
RDFs, the peak at ∼ 0.18 nm, characteristic of hydrogen bonding, decreases drastically with
increasing temperature. This is expected, as it is well known that once water goes through the
critical point H-bonding disappears.23,32 This means that water molecules cluster together
less, therefore mixing more readily with the hydrophobic species (CH4). We note in passing
that this critical point is slightly below 600K – hence lower than in experiments – for TIP3P
and TIP4P.33
The same conclusions can be drawn from the entropy of mixing (Fig. 4). The runs at
800 K are close to fully mixed – as the entropy of mixing is close to its maximum possible
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value, which is 1 – while the ones at 500 K (below the critical temperature of water) are
demixed, oscillating around the baseline value corresponding to a fully partitioned two-phase
system having the overall composition of our system. In our simulations, the extent of mixing
appears to increase smoothly with temperature.
Figure 4: Plot of the entropy of mixing over time for methane-water mixtures at different
pressures, for temperatures below and above the critical temperature for water.
High pressure non-supercritical behavior
In order to isolate the effect of pressure alone on the system and to attempt to reproduce
the experimental results of,11 we calculated an isotherm at 500 K and increasing pressure.
After performing the same analysis as in the case of supercritical water, we found that in
this case all curves were qualitatively similar, so that no significant changes were observed
due to pressure either in the RDFs or in the entropy of mixing (Fig. 5). The latter quantity
actually shows a weak decrease with pressure. This decrease is also found at 600 K and
800 K, where it is more significant (Fig. 4). The weak decrease in mixing with increasing
pressure may be explained by inspecting the RDFs in Fig. 3, which (especially at high
temperatures) show an increase in the H-bonding peak of water, suggesting an increase in
first-shell clustering of water molecules (which would reduce mixing).
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Figure 5: (a) Plot of the entropy of mixing over time, for simulations with subcritical liquid
water and different values of the pressure (up to 60 kbar). (b) Average over time of the
entropy of mixing as a function of pressure (for T = 500 K).
These results show that the potentials we used for methane and water predict demix-
ing even under high pressure, thereby failing to reproduce the experimentally observed be-
haviour.
Potentials of mean force
To get more insight into our results, we revisited the potential of mean field (PMF) cal-
culation between two methane molecules in water.34 Here, we focused on higher pressure
values, which are closer to those for which experiments observed methane-water mixing.11
Other technical differences to keep in mind are that we considered two methane molecules
instead of two methane-size cavities, and that we used TIP4P water instead of SPCE water,
although we checked in selected cases that different force fields lead to qualitatively similar
results.
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The PMFs we obtained are shown in Figure 6a for a range of pressures and for a 500K
(subcritical) temperature. The two first (and deepest) minima in the PMF correspond
respectively to the two methane molecules being in contact (first minimum, or “contact
minimum”), and to the two molecules being separated by a single water molecule (second
minimum, or “solvent-separated minimum”). At ambient pressure, the contact minimum is
much deeper than the solvent-separated medium, consistently with the fact that methane
molecules aggregate and demix from water in the mixture.
Figure 6: (a) Potential of mean forces for mixtures of methane and subcritical water, at
different pressure. (b) Difference between the PMF values at the contact minimum and the
solvent-separated minimum.
An increase in pressure initially leads to a decrease in the difference between the minima
values, however for larger pressures this trend is reversed (Fig. 6b). Therefore, the minima
difference changes non-monotonically with pressure; importantly, nowhere do we find the
solvent-separated minimum to be the global one. These results are similar to those obtained
(for lower pressures) in,34 and are in line with our previous observations from direct molecular
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dynamics simulations that demixing is never observed.
Conclusions
In summary, we have simulated here the phase behaviour of a methane-water mixture under
high pressure and at different temperatures, both below and above the critical temperature
of water. The potentials we used for both methane and water are well accepted, and have
been shown to reproduce a number of experimental results for these systems. Our simu-
lations correctly recreate temperature-induced mixing, when thermal fluctuations destroy
the H-bond network in supercritical water. However, and more importantly, the potentials
we used are unable to reproduce the pressure-induced mixing recently observed experimen-
tally in mixtures with subcritical water. Our study also showed that H-bonding network is
weakly affected by pressure in the latter regime, and that oxygen atoms maintain the typical
tetrahedral coordination they have in pure water.
Our results therefore point to the need to improve classical force fields for methane and
water mixtures under pressure. A possible avenue to do so would be to use ab-initio (e.g.,
Carr-Parrinello) molecular dynamics simulations, although the timescales and lengthscales
which could be reached would be by necessity smaller than in our current study.
What underlies the dramatic pressure-induced increase in mixing, and why is this missed
by our simulations? We can speculate about two possible mechanisms for mixing. First,
there may be a subtle changes in water dipole moment and the H-bonding under pressure.
The local environment is not electrically neutral and this may have a significant effect on
the methane potentials. Second, pressure may change the relative molecular volumes of
methane and water in such a way that then it becomes possible for methane to squeeze
into an essentially unperturbed water H-bond network. Such behaviour is observed in the
crystalline phases where the hydration number drops from 5.75 : 1 near ambient pressure to
2 : 1 at 2 GPa.35 If either of this mechanisms is at work in the experiments, we hypothesise
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that our current simulations are missing them either because the compressibility under high
pressure of water and methane does not match the real-world values – similarly to what is
observed for water compressibility at high T 36 – or because of polarisability effects in either
methane or water, which are absent in the modelling. Whatever the mechanism of pressure-
induced mixing, and the missing ingredient in the simulations, it would be interesting to
pursue these questions further in the future.
Finally, we note that the methane potentials we are using are widely employed for mod-
elling of clathrates and other related systems at pressure. The fact that they fail to reproduce
behaviour as important as mixing at such low pressures has important consequences for other
predictions made using these potentials.16,21
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